We have studied the formation of the molecular ion Rb + 2 and the atomic ion Rb + . These are created in laser excited rubidium vapor at the first resonance, 5s-5p and 5p-nl transitions. A theoretical model is applied to this interaction to explain the time evolution and the laser-power dependence of the population density of Rb + and Rb + 2 . A set of rate equations which describe: the temporal variation of the population density of the excited states; the atomic ion density; and the electron density, were solved numerically under the experimental conditions of Barbier and Cheret [5] . In their experiment the Rb concentration was 1 × 10 13 cm −3 and the laser power was taken to be 50-500 mW at vapor temperature = 450 K. The results showed that the main processes for producing Rb + 2 are associative ionization and Hornbeck-Molnar ionization. The calculations have also showed that, the atomic ions Rb + are formed through the Penning Ionization (PI) and photoionization processes. Moreover, a reasonable agreement between the experimental results and our calculations for the ion currents of the Rb + and Rb + 2 is obtained. PACS (2008): 34.80. Dp, 34.50.Fa 
Introduction
In recent years, there has been an increased interest in the study of the collisional ionization and excitation energy transfer processes in a laser excited alkali vapor. This is because of the importance of these processes in radiative transfers involved in: gas lasers, astrophysics and controlled thermonuclear plasma. On the other hand, resonant laser excitation has played a vital role in coupling energy into vapor. Therefore the reaction of a dense ru-bidium vapour, resonantly irradiated by a CW laser, has been the subject of a number of investigations during in recent years [1] [2] [3] [4] [5] [6] [7] . These studies have shown that a large variety of mechanisms take place in the excited media. Of particular interest are the ionization mechanisms and the energy transfer mechanisms which are implied in or serve the ionization. In addition, these studies have shown that associative [1] ionization, Penning [2] ionization, photoionization [3] , and other ionization mechanisms [4] [5] [6] [7] can be important in resonantly excited vapors.
In 2003 Djotyan et al. [8] investigated the behavior of Rb 85 atoms in a field of sequenced frequency-chirped short pulses for coherent manipulation of the Rb atomic beam. On the other hand Phillips et al. [9] demonstrated that it is possible to control the propagation of light pluses in optically thick media by dynamically changing the group velocity. In particular, a light pulse can be trapped and stored in a vapor of Rb atoms for a controlled period of time that can then be released on demand. On the theoretical side, a lot of attention has been paid to the analysis and explanation of this phenomena. Measures [10] , Yamada and Okuda [11] first recognized that resonant optical excitation of a vapour system is a highly efficient method of producing ionization in the vapour. Measures [10] suggested that sodium vapor be excited to the first resonance level by a high power, pulsed laser. The mechanism for this is electron-impact ionization of excited atoms by fast electrons, which have previously been heated by one or more superelastic collisions. Recently we have presented a theoretical model to study the phenomenon of resonance ionization in (CW) laser with low power excited alkali atomic vapors such as Na 12 13 , Cs 14 15 and Rb 16 . The model focuses on the time dependent element of the electron energy distribution function and describes the transient kinetics of the ionization mechanisms. The computational model indicated that the major processes in the different stages of the plasma production are purely collisional. This applies to both the excitation and ionization processes that occur in laser irradiated alkali atoms. Rb has been less thoroughly studied than other alkali atoms and data of the cross sections are limited. Therefore the present work studies, by performing numerical modeling the production processes of Rb + 2 and Rb + that can occur in CW laser with low power irradiated rubidium vapor. The theoretical model involves the most important collisional and radiative interactions under the experimental conditions of Barbier et al. [5] . Also, a comparison between the theoretical results and the experimental measurements, of Cheret et al. [1] for the ion current of the atomic ion and molecular ion, is considered in the present work.
The theoretical model
The model we shall develop is particularly appropriate with low-lying resonance states, such as in the alkali metals Na, K, Rb, etc. These class of atoms are described by, 2E 21 < E 1 ≤ 3E 21 , where E represents the difference between the ground and laser-excited resonance state, that is consequently equal to the laser-photon energy hν. E 1 represents the ionization energy of the ground state. So, we consider the case of a homogeneous, single constituent, atomic gaseous medium (Rb vapor). This is suddenly irradiated with CW laser radiation so that it is tuned to one of the electronic resonance transitions. Then the subsequent chain of interactions can be viewed as proceeding as described by Mahmoud [16] . The general rate equations that describe the temporal variation of the population density of Rb levels 5s, 5p and nl can be expressed in the form:
The rate of growth of the molecular ion and the atomic ion is given by:
Under saturation conditions, Measures [17] and Measures et al. [18] have shown that, the redistribution of the population between the two laser coupled states occurs in a time approximately given by:
where g ≡ g 2 / g 1 , the ratio of the degeneracies of the two levels. Consequently, they assumed that, for broadband laser radiation:
where
) represents the stimulated emission rate coefficient for transition from level 2 to 1. I (ν) is the spectral irradiance of the radiation field at frequency ν appropriate to the 2→ 1 transition. B 21 represents Milne coefficient, and L 21 (ν) represents the corresponding line profile function for the transition. 21 represents the frequency integrated stimulated emission cross section. Then the saturated spectral irradiance I given by
where τ 21 =1/A 21 and A 21 is the resonance transition Einstein coefficient for spontaneous emission. N(5s), N(5p) and N(n) represents the population density of leveles 5s, 5p and nl respectively. n (ε) represents the free electron density as a function of electron energy ε. K (cm 3 ec
) represents the electron collision rate coefficient for transition for the m→n transition (Ref. [19] ). K (cm 3 ec
) represents the electron collisional ionization rate coefficient for level n (Ref. [20] ). K (cm 6 ec
) represents the three body recombination rate coefficient (Ref. [20] ). K RD (cm 3 ec
) represents the radiative recombination rate coefficient to level n (Ref. [19] ). K AI , K MHI , K PI and K EP are the rate coefficients of associative ionization HornbeckMolnar ionization (Ref. [5, 22] ), Penning ionization and energy pooling collisions respectively. σ (1) is the single photon ionization cross section for level n and σ (2) 2 is the two photon, resonance state ionization rate coefficient. F represents the photon flux density . The time evolution of the electron energy distribution function is given by the Boltzmann equation including all the collisional processes in which the plasma electrons are involved:
The physical kinetic processes which are considered in our model and the values of the rate coefficients K AI , K HMI , K PI and K EP is indicated in Table 1 . While the photoionization cross sections are indicated in Table 2 . 
Results and discussions
The set of equations given by Eqs.
(1) to (6) were solved numerically using a Runge Kutta technique under the experimental conditions of Barbier and Cheret [5] . In their experiment the atomic density of the Rb was 1×10 13 cm
, and the laser power was taken to be 50-500 mW at vapor temperature = 450 K. In this paper we calculate:
1. The time evolution of the molecular ion Rb + 2 and Figure 9 . Comparsion between the measured values atomic ion current and that calculated by our model.
the atomic ion Rb + density.
2. The dependence of the molecular ion and the atomic ion laser power.
3. Comparison between the molecular ion density which produced by associative ionization and that produced through Honrnbeck-Molnar ionization process.
4.
Comparison between the atomic ion density which is produced by the Penning ionization process and that produced by photoionzation process. The details of this model and the values of the rate coefficients for all physical processes which have been considered are given by Mahmoud [16] . 
The time evolution of the molecular ion Rb
The growth rate of the molecular ion Rb + 2 as a function of time is illustrated in Figures 1 and 2 for different values of laser power. From these figures we can see that the Rb + 2 density increases rapidly during the period 0.1 ns up to 1ns followed by a linear increase up to 30 ns. Immediately after this time the Rb + 2 density shows a slow increase during the late stages of the irradiation time. An understanding of this behaviour can be attained by considering that the main processes for producing these molecular ions are associative ionization (AI) and Hornbec-Molnar ionization (HMI) processes as follows:
Rb(5p)+Rb(5P)→ Rb + 2 ( 2 Σ )+ e(ε ) (AI), where ε V is the kinetic energy of the free electrons emitted when Rb + 2 ion formed in the mean relative kinetic energy of the colliding atoms in the beam.
Rb(nl)+Rb(5s)→ Rb + 2 ( 2 Σ + e(ε ) (HMI).
Generally, at a certain density of Rb atomic vapour, the linear shape of Rb + 2 and the linear and quadratic term exchange show that the only possible mechanisms for producing the molecular ion are (AI) and (HMI).
The dependence of the Rb + 2 density on the laser power
The density of the molecular ions Rb + 2 as a function of laser power at different time intervals is shown in Figure Table 2 . The photoionization cross sections σ (nl,λ) λ is the wavelength of the first excitation step (5s→5p) and the second step (5p-nl). 3. From this figure we note that as the laser power increases the density of the molecular ion Rb + 2 increases. The curves show the same behaviour with descending values of the laser power for different periods of irradiation time. Moreover, at high laser power greater, than 400 mW, we note a rapid increase in the Rb + 2 density. The explanation for this behaviour is attributed to the main physical processes which produce the Rb + 2 , the associative ionization and the Hornbeck-Molanar ionization. On the other hand comparison between the density of Rb + 2 produced by associative process (AI) and that produced by HornceckMolnar ionization (HMI) process against laser power is indicated in Figure 4 . From this figure we can show that the contribution of the AI process is much higher than that observed for the HMI process and this is because the seeding rate for (AI) depends quadratically on N(5p) [1, 16] .
Levels

The time evolution of the atomic ion Rb +
The growth rate of the Rb + as a function of time is indicated in Figures 5 and 6 for different values of laser power. From these figures it can be seen that the (Rb + ) shows a fast increase during the early stages of the interaction for up to 2 ns and is then followed by a linear increase up to 10 ns. Immediately after this time the density of Rb + density shows a slow increase during the late stage of the irradiation time. This behaviour is due to the Rb + mainly produced by the Penning ionization and photionization processes as follows Rb(nl)+Rb(5p)→Rb + + Rb(5s)+ e (PI), Rb(nl)+ hν →Rb + + e (PHO). Where nl states are populated in energy pooling collisions of two Rb(5p) atoms [3] :
Rb(5P)+Rb(5p)→Rb(nl)+Rb(5s) (EP). The behaviour of the Rb + curve confirmed the experimental observations of Cheret et al. [1] . It has been shown that atomic ions are produced with a large rate coefficient (∼10
) by collision between two short lifetime excited atoms, one in 8s state the other in a 5p state.
The dependence of the atomic density Rb + on the laser power
The atomic ion density Rb + as a function of laser power for different periods of times is given in Figure 7 . From this figure we note that as the laser power increases the ion density Rb + increases. The curves show almost the same behaviour with descending values of the laser power for different periods of irradiation time. Moreover, at high laser power, greater than 300 mW, we note a rapid increase in the atomic ion density with an irradiation time ≈ 100 ns. To confirm this behaviour, a comparison between the density of the atomic ion Rb + produced by Penning ionization process and that produced by photoionization process is illustrated in Figure 8 . This figure clarified that the contribution of the Penning ionization process is greater than the contribution of the photoionization process. This attributed to the laser power which when used according to the experimental conditions was low [4] . The other mechanisms such as ionization by hot electrons:
Rb(nl)+e (0.9 < ε > 1.75 eV) →Rb + +e can be ruled out by calculations or experimental observations [1, 5, 16] . With the laser power used, these electrons are mainly formed by Pennning ionization and photoionization processes. A calculation, for 8s level, using the Precival theory [24] gives an electron impact ionization cross section of 3×10 −14 cm 2 at an energy of 1.5 eV. Such a cross section provides ion density three orders of magnitude less than the total measured atomic ion density [1] . On the other hand the slow down of these atomic ions at the later stages of the interaction is attributed to the three body and radiative recombination processes [16] .
Comparison with Cheret et al. [1] experiment.
To confirm these results we compared our calculations with those obtained by Cheret et al. [1] . Their experiment analyzed and observed the ion currents of the Rb + and Rb + 2 produced by collisional ionization processes in laser excited rubidium atom. Under the experimental conditions of Cheret et al. [1] , they assumed that the basic formula of the ion current of the atomic ion is given by
While the ion current of the molecular ion is given by
In these expressions, I PI , I PHO , I AI and I HMI represent the ion current for Penning ionization, photoionization, associative ionization and Hornbeck-Molnar ionization processes respectively. e, c, h are the usual notations for the elementary charge, the speed of light and the Planck constant. V is the interaction volume which is equal to the overlapping volume of the laser beams. P and S are the laser power and the beam section respectively. The overlapping volume of the two laser beams is estimated to be V=1.0×10
. Figure 9 represents a comparison between the theoretical and the experimental values of the dependence of the ion current on the laser power for Rb + . The behaviour of the Rb + curve showed a linear and a quadric dependence of the ion current of Rb + on the laser power. The linear part comes from the photoionization and the quadratic part comes from Penning ionization processes. This can be explained by the dominant mechanisms for producing the atomic ion current which are the Penning ionization and the photoionization processes [5] Figure 10 represents a variation for the current of the molecular ion Rb + 2 against the laser power for the calculated and the measured values. The curve of Rb + 2 shows that, the linear dependence of the Rb + 2 on laser power. This behaviour is due to the dominant mechanism for producing the molecular ion current is the associative ionization and Hornbeck-Molnar ionization processes. In general the calculated ion current for the Rb + and Rb + 2 have approximately the same shape as those measured by Cheret et al. [1] .
Conclusions
Kinetics of the processes which produce the molecular ion Rb + 2 and the atomic ion Rb + in laser excited rubidium vapor have been investigated theoretically. The model involved a set of rate equations representing the time evolution of the excited states as well as the atomic ion Rb + and the molecular ion Rb + 2 states. Also the dependence of the atomic ion and the molecular ion density on the laser power has been studied under the experimental condition of Barbier and Cheret [5] . The results of the calculation show that collisional ionization processes such as the associative ionization and Hornbeck-Molnar ionization play the important rule in producing the molecular ion density Rb + 2 . The Penning ionization and the photoionzation are the main processes for producing the atomic ions Rb + at different periods of time and for different laser powers. These results were confirmed by a comparison between the computational results of our model and the experimental investigations.
